In the present experiment, hot-dip galvanizing simulated annealing of 2000 MPa cold-drawn pearlitic steel wires was carried out at 450 • C. The effects of microstructural evolution on the mechanical properties of the as-prepared wires were analyzed through scanning electron microscopy (SEM), transmission electron microscopy (TEM), tensile test, torsion test, and Vickers hardness test. In addition, the relationship between torsion laps and microstructural evolution of cold-drawn pearlitic steel wires was investigated in detail. It was found that the torsional performance of the wires deteriorated after annealing at 450 • C for 2-5 min, and the corresponding microstructural evolution was accompanied by the partial degradation of lamellar pearlites due to the diffusion and dislocation pinning of dissolved carbon atoms in ferrites, and it is not feasible to achieve the matching of strength and torsion laps by prolonging the holding time. The deterioration in torsional performance can be attributed to the microstructural difference between the surface and the center of the annealed wires. When the proportion of non-lamellar structure between the surface and the center in each specimen exceeded 8%, the microhardness difference was found to be greater than 40 HV and the torsion lap was less than 3 circles.
Introduction
Due to their excellent strength and ductility, galvanized steel wires are the core materials of large steel bridge cables [1] [2] [3] . The general manufacturing process of galvanized steel wires involves the following procedure: pearlitic wire rods are first drawn into wires through multiple passes and subsequently subjected to hot-dip galvanization for~1 min to improve their anti-corrosion properties [4] [5] [6] . However, the torsional performance of pearlitic steel wires deteriorates significantly during hot-dip galvanization [7] . Therefore, it is important to understand the effects of hot-dip galvanization on the microstructural properties of high-strength pearlite steel wires.
The relationship between microstructural evolution and the strength of cold-drawn pearlitic steel wires during hot-dip galvanization has been explored in some studies [4, [8] [9] [10] [11] . During annealing, the degradation of lamellar pearlites is accompanied by cementite dissolution due to the diffusion of carbon atoms. The interfacial free energy mechanism (proposed by Languillaume [9] ) and the carbon atom-dislocation interaction mechanism (reported by Gridnev [10] ) are often used to explain the process of cementite dissolution. According to Watte et al. [11] , the energy state near dislocations is generally found to be lower than that of other regions; therefore, carbon atoms cross the energy barrier after gaining energy during annealing and gather around dislocations in ferrites.
Torsion tests are commonly employed to assess the torsional ductility of pearlitic steel wires, and thus the decrease in torsion lap during hot-dip galvanization restricts the further improvement in their strengths [5, [12] [13] [14] . Previous studies have reported the deterioration in torsional properties of cold-drawn steel wires during annealing; however, the reasons for torsion delamination are still undetermined. The occurrence of torsion delamination in cold-drawn steel wire is almost inevitable during the annealing process, in which there is almost no change in its overall microstructure [15, 16] . Torsion laps of cold-drawn steel wires are affected by several factors, including surface cracks [17] , abnormally large cementite [18] , as well asthede formation and spheroidization of lamellar cementites [5, 14] . Zhou [13] found that annealing treatment changed cementite structure from disordered to nanocrystalline state, and the recrystallized cementite impeded dislocation motion and broke up around high-density dislocation zones, resulting in micro-cracks during torsion tests. Tarui [15] showed that the carbon atoms in wires diffused strongly during the galvanization treatment. The carbon atoms locally saturated in the ferrite phase, and brittle stratification occurred when the carbon atom concentration difference in some regions exceeded approximately 1 at. %.
In the present work, hot-dip galvanizing simulated annealing of 2000 MPa cold-drawn pearlitic steel wires was performed at 450 • C for different time periods. The effects of the microstructural evolution on the mechanical properties of the as-prepared wires were investigated. In addition, reasons for the deterioration in torsional performance of the wires during annealing were revealed.
Materials and Methods

Test Materials
Hypereutectoid steel wires of diameter 6.9 mm were continuously drawn from Stelmor-cooled wire rods of diameter 14.0 mm (supplied by WISCO, Wuhan, China) at a drawing speed of 3.3 × 10 −2 m/s. The overall compression ratio and the maximum single-pass reduction rate during wire drawing were, respectively, 75.7% (ε = 1.42) and <19.7%. The chemical composition of the wires is depicted in Table 1 . The tensile strength and the torsion lap of the cold-drawn steel wires were 2095 MPa and 17 circles, respectively. 
Annealing Treatment
In the actual hot-dip galvanizing process, cold-drawn steel wires are infiltrated in zinc solution at 450 • C for about 1 min. In the current study, in order to simulate the hot-dip galvanizing process, the cold-drawn steel wires were first annealed at 450 • C in a MSRA-621 resistance furnace (Weier, Jiangsu, China) for different holding times (0.5, 1, 2, 3, 5, 15, 30, 60, and 120 min) and then cooled in air to room temperature.
Mechanical Performance Test
The tensile test was carried out in a CMT5105 universal testing machine (crosshead speed of 4 mm/min, MTS, Shangdong, China) at room temperature. Wires were cut into pieces of 350 mm length and used as the test specimens. Three experiments were executed for each sample.
Torsion laps were measured by a CTT1000 torsion tester (MTS, Shangdong, China) at a speed of 30 r/min. The chuck spacing for all torsional specimens was set to~210 mm. One of the ends of the Metals 2019, 9, 326 3 of 9 wires was fixed, meanwhile the other end could be rotated, and five identical samples were tested under each condition.
The microhardness test was performed in a Q60A+ Vickers hardness tester (Qness, Salzburg, Austria) under a load of 1000 g and a working time of 10 s. Three cross sections were first taken for each sample. The measurement position was selected as two vertical lines passing through the geometric center of each cross section; therefore a total of six line segments were measured for each sample. The measurement interval was 0.5 mm, and each line segment guaranteed 13 effective measuring points. In order to determine the microhardness fluctuation on the cross section of each sample, the difference between the maximum and the minimum values of each line segment was measured.
Microstructure Observation
Transmission electron microscopy (TEM; JEM 2000 EX, JEOL, Tokyo, Japan) was adopted to reveal the microstructures of the steel wires. TEM foils were obtained on transverse sections, and the observation areas were taken in the center. The TEM samples were prepared in a GATAN 691 precision ion polishing system.
The microscopic morphologies of the samples were observed by a scanning electron microscope (SEM; FEI Siron-400, Quanta, Portland, OR, America). The SEM specimens were prepared by etching in 3% nitric acid-alcohol solution. The observation areas were the surface (distance from wire edge <1.0 mm) and the center (distance from wire edge >3.0 mm).
The continuous lamellar structures of cementites in pearlites were effectively distinguished by SEM under a magnification of about 20,000 times. In order to obtain quantitative statistics on discontinuous lamellar pearlitic structures, discontinuous lamellar pearlite areas were first manually marked on the captured SEM images. The marked regions were quantitatively characterized by Analysis Pro 5 software (BAHENS, shanghai, China, 2006) to obtain the proportion of discontinuous lamellar pearlitic structure. At least 20 images were captured in each region to ensure the accuracy of the data. the wires was fixed, meanwhile the other end could be rotated, and five identical samples were tested under each condition. The microhardness test was performed in a Q60A+ Vickers hardness tester (Qness, Salzburg, Austria) under a load of 1000 g and a working time of 10 s. Three cross sections were first taken for each sample. The measurement position was selected as two vertical lines passing through the geometric center of each cross section; therefore a total of six line segments were measured for each sample. The measurement interval was 0.5 mm, and each line segment guaranteed 13 effective measuring points. In order to determine the microhardness fluctuation on the cross section of each sample, the difference between the maximum and the minimum values of each line segment was measured.
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Microstructure Observation
The continuous lamellar structures of cementites in pearlites were effectively distinguished by SEM under a magnification of about 20,000 times. In order to obtain quantitative statistics on discontinuous lamellar pearlitic structures, discontinuous lamellar pearlite areas were first manually marked on the captured SEM images. The marked regions were quantitatively characterized by Analysis Pro 5 software (BAHENS, shanghai, China, 2006) to obtain the proportion of discontinuous lamellar pearlitic structure. At least 20 images were captured in each region to ensure the accuracy of the data. The torsional properties of steel wires were relatively stable, and the integrals of the mean values were taken for comparative analysis. The torsional stress curves of some wires are shown in The torsional properties of steel wires were relatively stable, and the integrals of the mean values were taken for comparative analysis. The torsional stress curves of some wires are shown in Figure 1c . The torsion lap of the cold-drawn pearlitic steel wires was 17 circles; the corresponding torsional fracture was flat, and the microscopic morphologies of the samples mainly consisted of fine dimples (Figure 2a,c) . With increasing holding time, the torsion lap first decreased and then increased. After 2-5 min of annealing, the torsion lap remained at less than three circles; the corresponding fracture was dominated by longitudinal brittle delamination and the microscopic morphologies of the wires were composed of cleavages (Figure 2b,d ). When the holding time exceeded 10 min, the torsion lap gradually increased to about 10 circles and remained stable, and the corresponding torsional fracture was found to be flat.
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Figure 1c. The torsion lap of the cold-drawn pearlitic steel wires was 17 circles; the corresponding torsional fracture was flat, and the microscopic morphologies of the samples mainly consisted of fine dimples (Figure 2a,c) . With increasing holding time, the torsion lap first decreased and then increased. After 2-5 min of annealing, the torsion lap remained at less than three circles; the corresponding fracture was dominated by longitudinal brittle delamination and the microscopic morphologies of the wires were composed of cleavages (Figure 2b,d ). When the holding time exceeded 10 min, the torsion lap gradually increased to about 10 circles and remained stable, and the corresponding torsional fracture was found to be flat. Figure 3b shows the mean microhardness and microhardness difference of wires annealed for all ranges of time. . The torsion lap of the cold-drawn pearlitic steel wires was 17 circles; the corresponding torsional fracture was flat, and the microscopic morphologies of the samples mainly consisted of fine dimples (Figure 2a,c) . With increasing holding time, the torsion lap first decreased and then increased. After 2-5 min of annealing, the torsion lap remained at less than three circles; the corresponding fracture was dominated by longitudinal brittle delamination and the microscopic morphologies of the wires were composed of cleavages (Figure 2b,d) . When the holding time exceeded 10 min, the torsion lap gradually increased to about 10 circles and remained stable, and the corresponding torsional fracture was found to be flat. (Figure 3a) . Figure 3b shows the mean microhardness and microhardness difference of wires annealed for all ranges of time. It is evident from Figures 1 and 3b that the change in mean microhardness was consistent with that of the tensile strength. Microhardness reached its peak value after about 3 min of annealing and then decreased sharply with increasing holding time. However, the variation in microhardness difference was opposite to that of torsion laps. With the prolonged hold time, the microhardness difference first increased and then decreased. The holding time range of 2-5 min with a high microhardness difference coincided with the range of low torsion laps. Further, as the annealing time increased, an inverse relationship was observed between microhardness difference and torsional lap. When the microhardness difference exceeded 40 HV, the torsion lap of the wires was less than three circles, and the corresponding torsional fracture was dominated by longitudinal brittle delamination. Figure 4 exhibits the TEM images of the cold-drawn steel wires before and after annealing. It is noticeable from Figure 4a that cementites (in lamellar pearlites) maintained a continuous flat structure in the cold-drawn steel wires; however, the flatness of cementites decreased and partial lamellar cementites became discontinuous after 5 min of annealing ( Figure 4b ). As the annealing time was extended to 15 min, a large area of cementite sheets ruptured, the lamellar structure was damaged significantly, and some nanoscale cementite particles re-precipitated (shown in the ring area of Figure 4c ). It is evident from Figures 1 and 3b that the change in mean microhardness was consistent with that of the tensile strength. Microhardness reached its peak value after about 3 min of annealing and then decreased sharply with increasing holding time. However, the variation in microhardness difference was opposite to that of torsion laps. With the prolonged hold time, the microhardness difference first increased and then decreased. The holding time range of 2-5 min with a high microhardness difference coincided with the range of low torsion laps. Further, as the annealing time increased, an inverse relationship was observed between microhardness difference and torsional lap. When the microhardness difference exceeded 40 HV, the torsion lap of the wires was less than three circles, and the corresponding torsional fracture was dominated by longitudinal brittle delamination. Figure 4 exhibits the TEM images of the cold-drawn steel wires before and after annealing. It is noticeable from Figure 4a that cementites (in lamellar pearlites) maintained a continuous flat structure in the cold-drawn steel wires; however, the flatness of cementites decreased and partial lamellar cementites became discontinuous after 5 min of annealing ( Figure 4b ). As the annealing time was extended to 15 min, a large area of cementite sheets ruptured, the lamellar structure was damaged significantly, and some nanoscale cementite particles re-precipitated (shown in the ring area of Figure 4c ). The dislocation morphologies of pearlites are different from those of single-phase metals. Due to the existence of hard cementites in pearlites, the dislocation structure cannot form a closed loop, thus both ends of the dislocation line are limited by the F/Fe3C interface. In steel wires, the pearlitic interlamellar spacing decreases due to deformation, thus single dislocations cannot be observed. The dislocation morphologies of pearlites are different from those of single-phase metals. Due to the existence of hard cementites in pearlites, the dislocation structure cannot form a closed loop, thus both ends of the dislocation line are limited by the F/Fe 3 C interface. In steel wires, the pearlitic interlamellar spacing decreases due to deformation, thus single dislocations cannot be observed. The change in dislocation density can only be detected through TEM [19] . By comparing the dislocation morphologies in ferrites of each sample, it is clear that the distribution of dislocations in ferrites of the cold-drawn wires was dispersive and intertwined (shown in the rectangular area of Figure 4d ). With the prolonged annealing time, the degree of dislocation motion increased; hence, dislocations merged with each other and were redistributed into a relatively stable sub-grain boundary or line (shown by rectangles or arrows in Figure 4e,f) .
Microhardness
Microstructure
The torsion lap of the cold-drawn pearlitic steel wires significantly decreased after annealing at 450 • C for 2-5 min. It is discernible from Figure 4 that at the initial stage of annealing (2-5 min), the microstructural evolution was accompanied by the following processes: the movement and merging of high-density dislocations in ferrites, the slight dissolution of cementites, and the re-precipitation of diffused carbon atoms. The strength of the steel wires fluctuated slightly due to dislocation motion; however, it remained at a high level because of the presence of unbroken cementite sheets. Figure 5 exhibits SEM micrographs of the cold-drawn steel wires before and after annealing at 450 • C for 5 min. Continuous lamellar deformed pearlitic structures (in which ferrites and cementites were alternately arranged) were observed on the surface as well as at the center of the wire without annealing (Figure 5a,b) . No spheroidization characteristics were observed in the microstructure, and the torsion lap of the corresponding sample was 17 circles.
boundary or line (shown by rectangles or arrows in Figure 4e,f) .
The torsion lap of the cold-drawn pearlitic steel wires significantly decreased after annealing at 450 °C for 2-5 min. It is discernible from Figure 4 that at the initial stage of annealing (2-5 min), the microstructural evolution was accompanied by the following processes: the movement and merging of high-density dislocations in ferrites, the slight dissolution of cementites, and the re-precipitation of diffused carbon atoms. The strength of the steel wires fluctuated slightly due to dislocation motion; however, it remained at a high level because of the presence of unbroken cementite sheets. Figure 5 exhibits SEM micrographs of the cold-drawn steel wires before and after annealing at 450 °C for 5 min. Continuous lamellar deformed pearlitic structures (in which ferrites and cementites were alternately arranged) were observed on the surface as well as at the center of the wire without annealing (Figure 5a,b) . No spheroidization characteristics were observed in the microstructure, and the torsion lap of the corresponding sample was 17 circles.
The lamellar pearlitic structure was damaged significantly during annealing (Figure 5c,d) . The lengths of lamellar pearlites were reduced, thus lamellar cementites were degraded gradually into short rods or granules. It is evident from Figure 5c ,d that the degree of microstructure degradation on the surface was inconsistent with that at the center. A large area of non-lamellar structures was observed on the surface, whereas a small amount of non-lamellar structure appeared at the pearlite boundaries (shown in the ring area of Figure 5d ). Therefore, a conspicuous microstructural difference was noticed between the surface and the center of the annealed wire, and the torsion lap of the corresponding sample was only twocircles. The graphical quantitative statistics of the non-lamellar pearlitic structure for each specimen are illustrated in Figure 6 . With annealing time exceeding 10 min, the degradation degree of pearlite The lamellar pearlitic structure was damaged significantly during annealing (Figure 5c,d) . The lengths of lamellar pearlites were reduced, thus lamellar cementites were degraded gradually into short rods or granules. It is evident from Figure 5c ,d that the degree of microstructure degradation on the surface was inconsistent with that at the center. A large area of non-lamellar structures was observed on the surface, whereas a small amount of non-lamellar structure appeared at the pearlite boundaries (shown in the ring area of Figure 5d ). Therefore, a conspicuous microstructural difference was noticed between the surface and the center of the annealed wire, and the torsion lap of the corresponding sample was only two circles.
The graphical quantitative statistics of the non-lamellar pearlitic structure for each specimen are illustrated in Figure 6 . With annealing time exceeding 10 min, the degradation degree of pearlite both in the surface and center of the wires increased, while the difference in degraded degree reduced, which led to the decrease in hardness difference and the improvement in torsion laps. However, the strength of wires decreased continually due to the disintegration of lamellar pearlite. The degree of microstructure degradation on the surface was always found to be greater than that at the center. Moreover, the degradation difference between the surface and the center increased at the initial stage of annealing (2-5 min) and then gradually decreased with the prolonged holding time. It was also found that when the proportion of non-lamellar structure between the surface and the center exceeded 8%, the microhardness difference was greater than 40 HV and the torsion lap was less than three circles. This phenomenon indicates that the microstructural difference between the surface and the center was the main reason for the decrease in torsion lap.
Metals 2019, 9, x FOR PEER REVIEW 7 of 9 both in the surface and center of the wires increased, while the difference in degraded degree reduced, which led to the decrease in hardness difference and the improvement in torsion laps. However, the strength of wires decreased continually due to the disintegration of lamellar pearlite. The degree of microstructure degradation on the surface was always found to be greater than that at the center. Moreover, the degradation difference between the surface and the center increased at the initial stage of annealing (2-5 min) and then gradually decreased with the prolonged holding time. It was also found that when the proportion of non-lamellar structure between the surface and the center exceeded 8%, the microhardness difference was greater than 40 HV and the torsion lap was less than three circles. This phenomenon indicates that the microstructural difference between the surface and the center was the main reason for the decrease in torsion lap. The microstructural difference between the surface and the center caused stress concentration during the torsion test [13] , and consequently led to longitudinal brittle delamination. Voids formed on cementite surfaces [7] , and the considerable difference between the maximum and the minimum values of carbon concentration in lamellar ferrites was detected as the main source of stress concentration [20] . The larger surface deformations during the cold-drawing process caused the profound microstructural difference between the surface and the center of the cold-drawn steel wires. Furthermore, the surface layer was heated significantly during the annealing process, thus resulting in large residual stresses [21, 22] . Therefore, the evolution of residual stress states is another possible factor for the microstructural difference between the surface and the center of the cold-drawn steel wires.
The main mechanical properties requirement of galvanized steel wires studied in this paper are tensile strength (>2000 MPa) and torsion (>12 circles). According to the variation of the properties with annealing time in Figure 1a , the comprehensive properties of the wires after holding only for 0.5 and 1 min can meet the requirements, and it is not feasible to achieve the matching of strength and torsion laps by prolonging the holding time. In addition, the galvanizing time of wires cannot be reduced in the actual production to ensure its corrosion resistance. Based on the test data, it is anticipated that the torsion laps of galvanized steel wires can be improved on the basis of guaranteeing their strength through two strategies:1) reducing the heating degree of cold-drawn steel wires in the hot-dip galvanizing process to delaying the degradation and decomposition of lamellar pearlite;2) reducing the pearlite degradation difference between the surface and center of wires during heating, and ensuring the microstructural similarity between the surface and center of wires.
Conclusions
The relationship between microstructural evolution and mechanical properties of 2000MPacold-drawn pearlitic steel wires during galvanizing simulated annealing was studied The microstructural difference between the surface and the center caused stress concentration during the torsion test [13] , and consequently led to longitudinal brittle delamination. Voids formed on cementite surfaces [7] , and the considerable difference between the maximum and the minimum values of carbon concentration in lamellar ferrites was detected as the main source of stress concentration [20] . The larger surface deformations during the cold-drawing process caused the profound microstructural difference between the surface and the center of the cold-drawn steel wires. Furthermore, the surface layer was heated significantly during the annealing process, thus resulting in large residual stresses [21, 22] . Therefore, the evolution of residual stress states is another possible factor for the microstructural difference between the surface and the center of the cold-drawn steel wires.
The main mechanical properties requirement of galvanized steel wires studied in this paper are tensile strength (>2000 MPa) and torsion (>12 circles). According to the variation of the properties with annealing time in Figure 1a , the comprehensive properties of the wires after holding only for 0.5 and 1 min can meet the requirements, and it is not feasible to achieve the matching of strength and torsion laps by prolonging the holding time. In addition, the galvanizing time of wires cannot be reduced in the actual production to ensure its corrosion resistance. Based on the test data, it is anticipated that the torsion laps of galvanized steel wires can be improved on the basis of guaranteeing their strength through two strategies: 1) reducing the heating degree of cold-drawn steel wires in the hot-dip galvanizing process to delaying the degradation and decomposition of lamellar pearlite; 2) reducing the pearlite degradation difference between the surface and center of wires during heating, and ensuring the microstructural similarity between the surface and center of wires.
The relationship between microstructural evolution and mechanical properties of 2000 MPa cold-drawn pearlitic steel wires during galvanizing simulated annealing was studied experimentally. In addition, reasons for the deterioration in torsional performance of the wires during annealing were investigated. The main inferences are depicted below.
1.
The strength and the microhardness of the wires continued to decrease with the prolonged holding time during annealing at 450 • C. Torsion laps of the wires first decreased and then increased, thus the holding time range of 2-5 min with a high microhardness difference coincided with the range of low-torsion laps. It is not feasible to achieve the matching of strength and torsion laps by prolonging the holding time for 2000 MPa cold-drawn pearlitic steel wires analyzed in this paper.
2.
The microstructural evolution of the steel wires during annealing was accompanied by the following processes: the merging of high-density dislocations, the partial degradation of lamellar pearlites due to the diffusion of dissolved carbon atoms in ferrites, the spheroidization of lamellar cementites, and the re-precipitation of fine cementite particles. 3.
The inconsistent microstructure degradation degree of the lamellar pearlitic structure (caused by inhomogeneous deformation and heating) between the surface and the center of the wires was the main reason for the deterioration in torsional performance. When the proportion of non-lamellar structure between the surface and the center exceeded 8%, the microhardness difference was greater than 40 HV and the torsion lap was less than three circles. 
